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Abstract 

The enabling technologies of the Industry 4.0 program can support the smart factory of the future to face the challenges related to their 
sustainable growth. In particular, given the progressive ageing of the population, it is mandatory to develop systems able to preserve operators’ 
wellbeing and to prevent the incidence of work-related musculoskeletal disorders. By exploiting a recently introduced low-cost sensor we 
developed and validated a reliable prototype for automatic assessment of ergonomic postural risk in the factory shopfloor. Encouraged by the 
results of the validation process, we enhanced the prototype functionalities. The tool will serve both as a monitoring system for the evaluation 
of postural risk and a training system for increasing operators’ awareness. In this paper, we describe the design of the prototype and the 
enhanced functionalities of the final version, ‒ the ErgoSentinel. 
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1. Introduction 

Smart factories, through the path of the Industry 4.0 (I4.0) 
program, are facing great challenges, ranging from the one of 
production processes optimization, related with the mass 
customization paradigm, to the one of work sustainability. In 
this context, preserving workers’ wellbeing plays a role of 
paramount importance. As noticed by the Eurostat report on 
“Population structure and ageing”, in 2080, about one-third of 
the European population will be 65 or older [1]. Therefore, 
smart factories that play the role of socio-technical systems, 
will need to form and adopt a social perspective in order to 
preserve the operators’ wellbeing consistent with their active 
aging in the production cycle. Furthermore, according to the 
Sixth European Working Conditions Survey [2], exposure to 
repetitive arm movements and tiring positions still remains a 
common issue. Awkward working conditions commonly 

involve the development of work-related musculoskeletal 
disorders (WMSDs) with heavy costs for countries welfare. 
WMSDs include “all musculoskeletal disorders that are 
induced or aggravated by work and the circumstances of its 
performance” [3]. 

These problems are not merely social but are linked to 
specific regulatory requirements. Today, occupational safety 
and health in the EU are regulated on the basis of a framework 
directive and 19 different individual directives, plus 6 
directives with occupational safety and health relevance. This 
framework claims that workplace design, work equipment, 
and work methods need to be adjusted to the individual in 
order to minimize monotonous work and negative health 
impacts [4].  

The best feasible approaches for the prevention of WMSDs 
consist in: i) paying specific attention at the production cycle 
design; ii) training personnel with respect to the correctness of 
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the assumed postures; iii) monitoring the production process 
in order to early detect risk conditions and, consequently, 
redesign the process, also by means of adequate job rotation 
for minimizing and balancing and ergonomic risk [5,6]. 

Traditionally, ergonomic postural risk (EPR) monitoring is 
carried out by means of direct and indirect methods. Indirect 
methods include self-assessment questionnaires (such as the 
Borg scale and the NASA-TLX [7,8] and observational 
methods. The latter requires the intervention of an experienced 
ergonomist that observes the operator’s postures, visually 
estimates the body joints angles (elbow, shoulder, knee, trunk, 
and neck), the handled loads and the operations frequency, 
and reports a risk index. A detailed review of the most 
common observational methods can be found in [9] where 
OWAS, revised NIOSH, RULA, OCRA, REBA, LUBA, and 
EAWS are compared.  

Direct methods use data from sensors attached to the 
worker's body such as accelerometers, gyroscopes, 
magnetometers, electromyographic and echocardiographic 
sensors. In a survey study the majority of Occupational Safety 
and Health professionals indicated that they were in favor of 
using wearable technologies to objectively measure aspects of 
employee health risk while at work [10], and in the Literature 
there are promising applications of these technologies [11–
13].  

All these methods have drawbacks hindering their 
application in the industrial field. Self-assessment 
questionnaires suffer from non-objective factors and are 
affected by intrinsic limits of subjective evaluations [14,15]. 
Observational methods, the most used in the industrial field, 
are time-consuming and require the intervention of highly 
specialized personnel. Optical tracking systems can support 

such methods in order both to improve their accuracy and to 
speed up the measurement of body joints angles, but this 
solution is expensive in terms of costs and setup-time. Direct 
methods are typically more expensive, intrusive, and time-
consuming thus, their use is limited to laboratory experimental 
setup [10,16,17]. Furthermore, the involved sensors suffer 
from phenomena that are not easy to control in the factory 
shopfloor, such as interferences from electromagnetic fields 
and drift.  

The ISO standard 11228-3:2007(E) (ISO, 2007) suggests 
the use of a simplified method in the early stage of the 
analysis and, provides the OCRA method to be applied for 
additional investigation if critical conditions are detected.  

The I4.0 enabling technologies support companies in 
tackling these problems by fostering the development of 
innovative systems supporting the operator in the industrial 
fields. 

Recently, new low-cost body-tracking technologies, based 
on D-RGB cameras, such as the Microsoft Kinect®, have been 
introduced on the market. Initially developed for gaming, 
given their good tracking accuracy [17–20], these sensors 
were widely used in various research fields ranging from 
Human-Computer Interaction in the industrial field [21] to 
Cultural Heritage [22,23].  

The advantage of these technologies consists in the 
accurate tracking of the main body joints (see Figure 1) and in 
the high frame rate of acquisition. In particular, the Microsoft 
Kinect® V2 sensor, based on a time of flight technology, 
outperforms its previous version. It tracks 25 body joints; it is 
more robust to artificial illumination and sunlight [24] and 
more robust and accurate in the tracking of the human body 
[19]. 

 

Fig. 1. The skeleton returned by the Kinect for Windows SDK 2.0. a) Surface with normals and skeleton visualized by the Microsoft Kinect Studio v2.0; b) Joints 
position with respect to the body as reported by Microsoft HIG (Microsoft, 2014). 
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These properties allow developing innovative EPR 

monitoring systems for the smart factory of the future. In the 
literature there are some attempts to exploit these 
technological innovations in order to implement systems that 
automatically evaluate the body joint angles and to assess risk 
indexes according to some observational methods [25–30]. 
These innovations allow overcoming the application limits of 
observational methods in the industrial field and provide 
useful tools for the growth of companies towards sustainable 
working conditions, also with reference to the preservation of 
operators' wellbeing and active ageing. Anyway, among the 
solutions developed in this field up to now, the ones based on 
the first version of the Kinect sensor suffer from three main 
technical problems: the lack of wrist joints tracking, the 
influence of the environment lighting conditions, and the self-
occlusions (in postures such as crossing arms, trunk bending, 
trunk lateral flexion, and trunk rotation). The introduction of 
the renewed version of the Microsoft D-RGB camera allowed 
researchers to exploit its improved performance in terms of 
body joints’ tracking accuracy. Our research group developed 
and validated an innovative software tool based on the 
Microsoft Kinect® V2 sensor in order to provide a 
semiautomatic evaluation of the EPR of static postures ‒the 
K2RULA tool [31]. This work presents the functionalities of 
the system and the innovations introduced with its evolution 
‒the ErgoSentinel tool. 

The remaining of the paper is structured in four sections. 
The first describes our approach. The second gives some 
details as regards the method applied for EPR assessment. The 
third describes the implemented prototype and the fourth the 
innovative features introduced with the latest version. Lastly, 
we report our conclusions. 

2. Our approach 

The term Operator 4.0 was recently introduced in the 
Literature in parallel with the term Industry 4.0. Such term 

indicates an operator supported by the enabling technologies 
of the I4.0 program.  

According to the purposes for which these technologies 
integrate each other for supporting the worker, the literature 
defines different facets for Operator 4.0. Among these, the 
Healthy Operator is the one dealing with the preservation of 
the operator’s wellbeing and the prevention of postural risks. 
In the Healthy Operator, smart solutions (i.e. wearable 
trackers for health-related metrics) together with advanced 
Human-Machine Interaction, are used for bio-data monitoring 
(i.e. physiological data, postures, and workload), thus, driving 
positive change in terms of improved productivity, wellbeing, 
and proactive safety measures at smart workplaces [32]. 

Our approach aimed at providing a tool supporting the 
Healthy Operator in the I4.0 factory shopfloor in order to 
lessen as more as possible the incidence of WMSDs. 

Our objective consists in the prevention of EPR by 
exploiting two out of the three feasible approaches in this 
field: the high-level monitoring, and the operators’ training. 
On the bases of such objective we defined the following 
system requirements: 

• The tool must be based on low-cost sensors that allow a 
widespread use in the factory shopfloor; 

• The tool must be designed in order to monitor a single 
working station at time (i.e. a single operator); 

• The tool must allow a quick and reliable high-level 
monitoring of the EPR risk without hindering operators’ 
tasks; 

• The tool must rely on an EPR assessment metric whose use 
is consolidated in the industrial environment;  

• The tool must allow detailed postural analysis if the high-
level analysis evidences a potential risk; 

• The tool must allow real-time monitoring of the operator in 
order to warn her/him in case of EPR. 

 

 
Fig. 2. The renewed GUI of the ErgoSentinel tool. 
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Fig. 3. Grand-scores plot for offline analysis on a recorded file: postures around second 14 are critical and require further analysis. 

 
 
Given these requirements, we designed and developed a 

semi-automatic software tool for EPR monitoring. We first 
developed and validated a prototype -the K2RULA tool. 
Encouraged by our results we enhanced its functionalities by 
developing the ErgoSentinel tool (Figure 2). 

In order to fulfill our first requirement, we based our body 
tracking system on the Microsoft Kinect ® V2. The accuracy 
of this sensor also allowed fulfilling the reliability requirement 
of our system. We validated the accuracy of our tool on static 
postures by comparing it with an Opto tracking system and we 
found a perfect agreement among the EPR scores [31]. 

As regards the EPR assessment method, we chose to 
implement our system basing on the Rapid Upper Limb 
Assessment metrics (RULA) [33]. It is one of the most 
popular observational methods in the industrial field, and it is 
cited by the ISO standard 11228-3:2007(E) as one of the 
simplified methods for fast EPR analysis of mainly static 
tasks. Our application aims at supporting the operator as a tool 
extending the functionalities of smart working stations in the 
factory shopflor of the future, just as the one described in 
[34,35] that exploits IAR applications in order to support the 
operator during task execution. Consequently, we 
implemented the application in order to monitor only one 
operator, that is the one nearest to the sensor and to the 
working station. 

3. The RULA method 

The RULA method consists in the fulfilment of an 
assessment grid, that divides the human body into two sections 
(Section A: upper arm, lower arm, and wrist; Section B: neck, 
trunk, and legs). A score is calculated using three tables. The 
first two tables give the posture scores of the body segments. 

Each one of these scores is then corrected according to the 
frequency of the operations and the force load on the limbs. 
The third table takes as input the previous scores and returns a 
grand-score. With respect to the grand-score, an action level 
list indicates the intervention required to reduce the risks of 
injury of the operator: 

•  1-2 grand-score: the posture is acceptable if it is not 
maintained or repeated for long periods; 

•  3-4 grand-score: further investigation is needed, and 
changes may be required; 

• 5-6 grand-score: investigation and changes are required 
soon; 

• 7 grand-score: investigation and changes are required 
immediately. 

4. The K2RULA tool 

The K2RULA tool is implemented using the C# 
programming language, the Windows Presentation Foundation 
libraries (.NET framework) and the Microsoft Kinect for 
Windows SDK 2.0. A free version of the software,  ̶the 
K2RULA Lite, is available at the following website: 
https://www.dmmm.poliba.it/index.php/en/download. 

The tool allows to:  

• Select the video stream to be visualized (depth or infrared); 
• Carry out the offline analysis on a previously recorded file 

thanks to playback control buttons; 
• Run an instantaneous evaluation of the current posture 

framed by the Kinect V2 sensor. 
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These functionalities allow to carry out reliable high-level 
monitoring of the EPR, without hindering operators’ tasks, as 
required in the design phase. Indeed, the ErgoSentinel tool can 
process continuously a recorded file in the standard Microsoft 
format (.xef). The software calculates the RULA grand-score 
for each of the frames and generates a report, exportable in a 
comma-separated values file while visualizing an interactive 
timeline plot (Figure 3). By clicking on one point of the graph, 
a pop-up label displays the RULA grand-score for that instant 
for both the left and the right body side. 

As regards the analysis of critical conditions, the tool 
allows running a detailed investigation for each single posture 
acquired by the sensor. By clicking on the proper interface 
button, (Figure 2 “Current frame Analysis button”) the tool 
assesses the detailed RULA score for the current posture and 
visualizes it in the dedicated “RULAwindow” (Figure 4). This 
window provides the scores of each body section for both 
body sides (left and right), the computed angles, and the 
grand-score. The action level is visualized with a color-coded 
background varying from green (grand score 1 and 2) to red 
(grand-score 7). 

5. The ErgoSentinel tool 

The functionalities of the K2RULA tool fulfill all our 
system requirements but the last one.  

The ErgoSentinel tool has enhanced functionalities 
allowing to fulfill also the last requirement. Indeed, we 
exploited multithread programming in order to allow our tool 
to monitor in real-time operators and to serve both as postural 
warning and training system.  

The real-time monitoring functionality returns two visual 
feedback. The first one consists of a graph in the bottom panel 

of the interface (Figure 2 - Real time Analysis view area). It 
visualizes in real-time a plot of the time trend of the RULA 
grand-scores for both body sides. The second one consists of 
two text boxes reporting the RULA grand-scores that are 
updated in real-time together with a color-coded background 
according to the corresponding action level (Figure 2 - Real 
time visual feedback). 

As the operators do not have to look at the tool interface 
during their work shift, we added a further functionality ‒ an 
acoustic warning. It is controlled by the higher grand-score 
between the two body sides and it is triggered if this value is 
equal or greater than 5.  

The visual feedback is useful if the system is used as a 
postural training tool. Indeed, it allows operators to observe 
critically how their postural risk changes according to the 
posture they assume. The acoustic warning serves as a support 
to the operators in order to avoid the repeated assumption of 
awkward postures during their work shift. It helps to increase 
the awareness of the EPR the operators are exposed to during 
the task accomplishment. As such, the ErgoSentinel works as 
training on the job tool. 

Carrying out the offline analysis on previously recorded 
video is very demanding in terms of storage memory ‒ up to 8 
GB per recorded minute. Indeed, a standard Microsoft file 
includes multiple streams such as infrared, depth, sensor 
telemetry, uncompressed color, and body frame. Thus, if 
acquired with the format supported by the Kinect sensor 
(.xef), videos are very larger than the ones acquired with a 
standard RGB camera. This issue could hinder the feasibility 
of the ErgoSentinel software as an offline analysis tool, thus 

 

Fig. 4. The “RULAwindow” dedicated to the visualization of the detailed postural analysis. 
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we added a further functionality for real-time high-level 

analysis. By selecting the “Collect samples” checkbox in the 
user interface (Figure 2 - Real time visual feedback), it is 
possible to collect the RULA grand-scores for the monitoring 
session and to save them together with their respective time 
stamps. By doing so it is possible to replace the recording of a 
monitoring session with a standard video acquisition, thus 
saving memory resources. If risk conditions are evidenced is 
possible to run a detailed visual investigation on the recorded 
video. 

6. Conclusions 

We successfully designed and developed the ErgoSentinel 
tool. The prototype has the advantage of not being subject to 
the accuracy limits visual evaluations. It also allows a detailed 
and immediate ‒ one-click ‒ analysis of a posture. The 
software allows continuous-time analysis both in real-time and 
off-line, allowing to overcome the drawback of observational 
methods that are time-consuming. The real-time 
functionalities allow the use as a postural training tool for the 
detection and immediate correction of awkward postures. 
Thanks to its functionalities for high-level EPR monitoring 
and training on the job, the ErgoSentinel software could serve 
as a reliable tool supporting the smart factories of the future in 
order both to lessen the incidence of WMSDs and to allow 
operators’ active ageing in the factory shopfloor. 

We are currently carrying out a pilot study in order to apply 
this tool in the factory shopfloor of the agri-food industry 
where high level EPR monitoring plays an important role in 
the field of prevention. Indeed, given the delicacy of the work 
to be carried out, this industrial sector involves a high use of 
labor, which, moreover, is often used for repetitive tasks. In 
this field, evaluating the EPR could support the application of 
an effective job rotation policy as described in [36,37]. 
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